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Abstract  To  reduce  the  assay  time  for  detecting  virus-specific  antibodies  in  serum,  we  developed  microarray-based 
active  immunoassay  techniques  for  detecting  West  Nile  virus  (WNV) -specific  IgM  molecules  in  chicken  blood.  The  assay 
uses  electrophoretic  concentration  of  IgM  molecules  onto  WNV  antigens  arrayed  on  a  dialysis  membrane  followed  by 
detection  of  bound  IgM  molecules  with  functionalized  magnetic  beads  as  active  labels.  This  assay  takes  only  15  minutes 
and  has  the  same  sensitivity  as  a  commercially  available  human  WNV  IgM  antibody-capture  enzyme-linked  immuno¬ 
sorbent  assay  (commonly  called  a  MAC-ELISA)  modified  for  use  with  chicken  sera. 


INTRODUCTION 

West  Nile  virus  (WNV),  a  member  of  the  Japanese  en¬ 
cephalitis  antigenic  complex  (genus  Flavivirus ,  family  Fla- 
viviridae ),  can  cause  a  spectrum  of  human  disease  ranging 
from  mild  febrile  illness  to  fatal  neuroinvasive  disease.1-3 
Since  its  introduction  into  the  Western  Hemisphere  in  1999, 
WNV  has  spread  rapidly  across  the  entire  continental  United 
States,  Canada,  Mexico,  Latin  America,  and  the  Caribbean  in 
only  5  years.4-7  It  is  believed  that  WNV  is  still  establishing  its 
geographic  distribution,  suggesting  that  large  epidemics  will 
continue  to  occur  during  the  next  several  years.8  During  epi¬ 
demics,  it  is  essential  that  clinically  relevant  diagnostic  tests 
are  available  to  quickly  and  accurately  diagnose  WNV  in¬ 
fection.  Furthermore,  recent  findings  have  shown  that  the 
virus  can  be  transmitted  by  blood  and  organ  donations,9 
breast  feeding,10  intrauterine  exposure,11  and  laboratory  pro¬ 
cedures,12  emphasizing  the  importance  of  developing  a  rapid 
and  accurate  serologic  assay  for  diagnosing  WNV  infection. 
Currently,  the  IgM  antibody-capture  enzyme-linked  im¬ 
munosorbent  assay  (MAC-ELISA)  is  the  primary  serologic 
assay  routinely  used  for  laboratory  diagnosis  of  WNV  infec¬ 
tion.13-15  The  MAC-ELISA  is  a  valuable  tool  for  the  diagno¬ 
sis  of  infection  because  IgM  antibody  titers  are  detectable 
early,  rise  rapidly  in  the  disease  course,  and  are  usually  less 
virus  cross-reactive  than  IgG.16  However,  the  MAC-ELISA 
has  two  serious  limitations.  It  is  a  time-consuming  test,  re¬ 
quiring  2-3  working  days  to  complete  because  overnight  in¬ 
cubations  are  necessary  to  enhance  sensitivity.13  Further¬ 
more,  the  assay  requires  a  great  deal  of  material.  Thus,  com¬ 
mercially  available  WNV  MAC-ELISA  kits  for  humans  range 
from  $610  to  $660  dollars  for  a  24-sample  test.17,18  Consider¬ 
ing  these  problems,  alternative  immunoassay  techniques  have 
been  developed  such  as  a  microsphere-based  immunoassay, 
in  which  IgM  or  IgG  antibodies  are  bound  from  serum  to 
fluorescent  beads,  tagged  with  fluorescently  labeled  anti¬ 
antibodies,  and  analyzed  in  a  dual-laser  cytometer.19,20  How¬ 
ever,  this  assay  still  takes  3-4.5  hours  to  complete,  with  most 
of  this  time  spent  on  incubations. 

To  reduce  the  assay  time  for  detecting  WNV-specific  anti¬ 
bodies  in  serum  even  further,  we  used  the  recently  emerged 
analytical  concept  of  active  assays.  In  active  assays,  the  slow 
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diffusion-controlled  reactions,  which  make  incubation  times 
long,  are  dramatically  accelerated  by  active  transport  of 
soluble  analytes  to  immobilized  probe  molecules.  Electropho¬ 
retic  delivery  of  analytes  can  reduce  incubation  times  from 
hours  to  minutes  21-23  whereas  active  delivery  of  labels  (func¬ 
tionalized  magnetic  beads)  can  reduce  detection  time  to  sec¬ 
onds  while  increasing  sensitivity  24  Use  of  microarrays  in  such 
assays  can  provide  additional  advantages  of  assay  multiplica¬ 
tion  and  miniaturization,  which  reduces  cost  of  valuable  con¬ 
sumable  materials.  Although  antigen  and  antibody  microar¬ 
rays  have  been  used  already  to  profile  immune  response  to 
pathogens25  and  in  diagnostics  of  infectious  diseases  26,27  such 
microarrays  have  never  been  used  in  active  assays  of  patho¬ 
gen-specific  antibodies  to  the  best  of  the  authors’  knowledge. 

To  date,  elements  of  the  active  microarray-based  assay 
have  only  been  shown  in  model  systems  made  up  of  solutions 
of  pure  antigens  and  antibodies  21-24  In  this  paper,  we  report 
application  of  these  methods  to  the  development  of  an  assay 
for  pathogen-specific  antibodies  in  serum  samples  to  show 
their  advantages  and  limitations.  Our  primary  goal  was  to  test 
several  combinations  of  microarrays  and  magnetic  bead  de¬ 
tection  techniques  to  determine  the  most  efficient  combina¬ 
tion  in  terms  of  sensitivity  and  assay  time  for  detecting  WNV- 
specific  IgM  antibodies. 


MATERIALS  AND  METHODS 

Preparation  of  proteins  for  manufacturing  arrays.  Anti¬ 
chicken  IgM  antibody  (Bethyl  Laboratories,  Montgomery, 
TX)  was  dialyzed  overnight  against  milli-Q  water  at  4°C  until 
electrical  conductivity  of  the  solution  reached  25-50  pS  cm.1 
The  conductivity  was  determined  using  a  home-made  micro¬ 
cell  with  a  volume  of  4  pL.  The  protein  concentration  of  the 
dialyzed  sample  was  determined  by  measuring  the  optical 
density  (OD)  at  280  nm  using  a  known  extinction  coeffi¬ 
cient.28  Concentrated  trehalose  (Sigma-Aldrich,  St  Louis, 
MO)  solution  was  added  to  the  antibody  solution  to  give  a 
10-fold  excess  (wt/wt)  over  the  protein  concentration.  The 
sample  was  distributed  in  10-pL  aliquots  and  stored  at  -25°C. 

WNV  antigens  for  arrays  were  obtained  from  a  formalin- 
inactivated  WNV  vaccine  for  equines  (Fort  Dodge  Animal 
Health,  Overland  Park,  KS).  WNV  viral  particles  were  first 
concentrated  100-fold  by  ultracentrifugation  at  70,000  rpm  for 
1  hour  at  4°C.  The  presence  of  viral  particles  in  the  pellet  was 
verified  using  atomic  force  microscopy.  The  pellet  was  dia¬ 
lyzed  overnight  against  milli-Q  water  at  4°C,  and  concen- 
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GROVES  AND  OTHERS 


trated  trehalose  solution  was  added  to  the  solution  to  give  a 
10-fold  excess  over  the  protein  concentration.  The  latter  was 
determined  by  using  a  quartz  crystal  microbalance.29  The 
WNV-trehalose  mixture  was  distributed  in  10- pE  aliquots 
and  stored  at  -25°C.  Part  of  the  viral  pellet  that  was  used  in 
non-array  experiments  was  resuspended  in  phosphate- 
buffered  saline  (PBS)  and  stored  at  4°C. 

Preparation  of  substrate.  A  dialysis  membrane  from  regen¬ 
erated  cellulose  (Fisher  Scientific,  Pittsburgh,  PA)  was 
treated  as  described.22  Briefly,  wet  membrane  was  glued  to  a 
plastic  O-ring  with  cyanoacrylate  glue.  To  enhance  adhesion, 
the  ring  was  pre-treated  for  20  seconds  in  a  low-pressure  dis¬ 
charge  in  a  home-built  radio  frequency  (RF)  plasma  appara¬ 
tus.  The  glued  membrane  was  dried  in  a  stream  of  air.  To 
avoid  occasional  cracking  of  the  membrane  at  low  room  hu¬ 
midity,  prepared  dialysis  membranes  were  stored  in  a  closed 
chamber  with  a  humidity  of  85%  provided  by  damp  Na2S04. 
Before  electrospray  deposition,  the  dialysis  membrane  was 
subjected  to  a  30-Watt  RF  plasma  discharge  for  20  seconds  at 
a  pressure  of  1-2  Torr. 

Fabrication  of  microarrays  by  electrospray  deposition.  The 

electrospray  deposition  technique29,30  was  used  to  fabricate 
arrays  of  probe  molecules  on  a  plasma-activated  dialysis 
membrane.  The  protein/trehalose  mixture  (5-10  pL)  was 
sucked  into  a  capillary,  and  the  latter  was  placed  into  an 
apparatus,  similar  to  that  previously  described.30  A  voltage  of 
~4-5  kV  was  applied  to  the  platinum  electrode  inside  the 
capillary,  with  the  current  never  exceeding  100  nA.  Deposi¬ 
tion  was  performed  at  a  relative  humidity  of  20-40%.  These 
conditions  were  shown  to  maintain  the  highest  functional  ac¬ 
tivity  of  the  electrospray-deposited  proteins  29  A  nylon  mesh 
was  used  to  fabricate  protein  microarrays  with  protein  spots 
30-50  pm  in  size,  spaced  by  150  pm. 

Immobilization  of  proteins  on  a  microarray.  After  protein 
deposition,  the  microarray  was  placed  in  a  chamber  at  100% 
humidity  for  30  minutes.  Solid  dry  deposits  were  converted  to 
microdroplets  from  which  dissolved  protein  molecules  were 
chemically  linked  to  membrane  surface  carbonyl  groups  that 
had  been  generated  in  the  plasma  discharge.  To  reduce  Schiff 
bases  and  block  any  unreacted  carbonyl  groups,  the  mem¬ 
brane  was  incubated  for  45  minutes  in  50  mmol/L  Tris-HCl, 
pH  =  7.5,  containing  1%  bovine  serum  albumin  (BSA)  and 
1%  NaBH3CN.  The  microarrays  were  washed  and  stored  in  a 
blocking  solution  (20  mmol/L  Tris-HCL,  0.15  mol/L  NaCl, 
0.1%  Tween-20,  1%  BSA,  and  0.02%  NaN3,  pH  7.5)  at  4°C. 

Functionalization  of  magnetic  beads.  To  bind  anti-chicken 
IgM  and  anti-mouse  IgG  antibodies  (Sigma- Aldrich)  to  1-pm 
magnetic  beads  (New  England  BioLabs,  Ipswich,  MA),  0.2 
mL  of  a  0.6%  suspension  of  protein  A-coated  magnetic  beads 
were  washed  three  times  with  0.1  mol/L  sodium  phosphate 
buffer,  pH  8.0,  and  mixed  with  200  pg  of  either  anti-chicken 
IgM  antibody  or  anti-mouse  IgG  antibody.  After  gentle  stir¬ 
ring  for  1  hour  at  room  temperature,  the  suspension  was 
washed  three  times  with  0.1  mol/L  sodium  phosphate  buffer, 
pH  8.0.  Beads  were  incubated  with  a  solution  of  0.2  mol/L 
triethanolamine  and  25  mmol/L  dimethyl  pimelidate  dihydro¬ 
chloride  (DMP),  pH  8.2,  for  45  minutes  at  room  temperature 
with  gentle  agitation.  To  block  excess  DMP,  the  beads  were 
collected  and  incubated  with  0.1  mol/L  ethanolamine,  pH  8.2, 
for  1  hour  at  room  temperature  with  gentle  agitation.  The 
beads  were  washed  twice  with  PBS  and  resuspended  in  200 


pL  of  PBS  containing  0.1%  Tween-20  and  0.02%  NaN3  and 
stored  at  4°C. 

To  bind  anti-WNV  antibody  to  the  magnetic  beads,  100  pL 
of  a  0.5%  suspension  of  streptavidin-coated  magnetic  beads 
was  washed  three  times  with  0.3  mL  of  PBS  and  mixed  with 
30  pg  of  anti-WNV  E  protein  monoclonal  antibody  (catalog 
no.  8150;  Chemicon  International,  Temecula,  CA)  that  was 
biotinylated  as  previously  described  31  After  overnight  incu¬ 
bation  at  4°C,  the  beads  were  washed  three  times  with  PBS 
and  resuspended  in  100  pL  of  PBS  containing  0.1%  Tween-20 
and  0.02%  NaN3  and  stored  at  4°C. 

To  bind  WNV  antigens  to  magnetic  beads,  20  pL  of  a  0.5% 
suspension  of  anti-WNV  IgG  magnetic  beads  was  washed 
three  times  with  PBS  and  mixed  with  10  pL  of  WNV  antigen 
suspension  in  PBS  prepared  as  described  above.  After  over¬ 
night  incubation  at  4°C,  the  beads  were  washed  three  times 
with  PBS  and  resuspended  in  20  pL  of  PBS  containing  0.1% 
Tween-20  and  0.02%  NaN3  and  stored  at  4°C 

Infection  of  chickens  with  WNV.  Chicken  serum  specimens 
used  in  this  study  were  prepared  at  the  US  Army  Medical 
Research  Institute  for  Infectious  Diseases  (USAMRIID). 
Five  1 -day-old  male  leghorn  chickens  (Meyer  Hatchery,  Polk, 
OH)  were  inoculated  subcutaneously  with  0.1  mL  of  a  solu¬ 
tion  containing  105 1  plaque-forming  units  (PFUs)  of  WNV 
(strain:  Crow  397-99).  This  strain  of  virus  had  been  isolated 
from  a  crow  that  died  in  Bronx,  NY,  in  1999  and  had  been 
passed  twice  in  Vero  cells  before  use  in  these  studies  32  Age- 
matched,  uninfected  chickens  were  held  in  a  separate  cage  as 
negative  controls.  In  addition,  five  1-day-old  chickens  were 
inoculated  similarly  with  105  PFU  of  the  ZH501  strain  of  Rift 
Valley  fever  virus  (RVFV)  to  serve  as  virus-infected,  negative 
controls  for  the  WNV  assay.  A  second  cohort  of  seven  3-day- 
old  male  chickens  was  similarly  inoculated  with  WNV  2  days 
later.  A  blood  sample  (0.2  mL/bleed)  was  drawn  from  the 
jugular  vein  approximately  every  other  day  from  each  bird  up 
until  it  died  or  was  euthanized.  Of  the  five  1-day-old  birds 
infected  with  WNV,  only  one  bird  survived  to  Day  6,  at  which 
point  it  was  sick  and  euthanized.  Only  two  of  the  older  chick¬ 
ens  (inoculated  when  they  were  3  days  old  with  WNV)  sur¬ 
vived  for  24  days.  Larger  samples  (~1  mL)  were  obtained 
from  these  individual  birds  on  Days  20  and  24  postinfection 
(PI).  Serum  was  separated  from  whole  blood.  An  aliquot  of 
each  serum  sample  was  diluted  1:10  in  diluent  (10%  fetal 
bovine  serum  in  medium  199  with  Earle  salts,  NaHC03,  and 
antibiotics)  and  tested  by  plaque  assay  to  determine  the  viral 
titer  for  each  sample.  A  total  of  64  serum  samples  were  trans¬ 
ferred  to  George  Mason  University.  Twenty-three  specimens 
contained  histories  of  infecting  virus,  virus  titers,  and  Day  PI. 
The  remaining  41  samples  were  blinded.  Before  removal  from 
USAMRIID,  all  samples  were  subjected  to  1-2  million  rads 
of  gamma  radiation  to  destroy  any  infectious  materials. 
Samples  were  stored  at  -70°C  until  use. 

Microarray-based  assay  techniques  for  detecting  WNV- 
specific  IgM  in  serum  with  magnetic  bead  detection.  Three 
assay  techniques  used  to  detect  WNV-specific  IgM  in  serum 
were  specific  to  the  type  of  microarrays  and  functionalized 
magnetic  beads  used  and  are  summarized  in  Table  1.  Chains 
of  bonds  holding  magnetic  beads  on  arrays  in  each  assay  are 
schematized  in  Figure  1. 

Passive  microarray-based  screening.  All  the  assay  tech¬ 
niques  were  first  tested  and  compared  in  screening  of  serum 
samples  using  a  passive  format.  Droplets  of  reagent  solutions 
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Table  1 


Description  of  microarray-based  assay  techniques  with  magnetic  bead  detection 


Assay 

Abbreviation 

Microarray 

Magnetic  beads 

Reverse  array  assay* 

RAA 

WNV  antigen  (vaccine) 

Polyclonal  anti- (chicken-IgM) -IgG 

IgM  capture  assay! 

MCA 

Polyclonal  anti-(chicken-IgM)-IgG 

Polyclonal  anti-mouse-IgG 

Modified  IgM  capture  assay! 

MMCA 

Polyclonal  anti-(chicken-IgM) 

Monoclonal  anti-IgG  WNV-IgG 

*  In  this  assay,  WNV-specific  IgM  from  serum  was  captured  on  an  array  of  WNV  antigens.  The  bound  IgM  was  detected  with  anti-chicken  IgM  magnetic  beads. 

t  In  this  assay,  IgM  from  serum  was  captured  on  an  array  of  anti-chicken  IgM  antibodies.  WNV  antigen  was  added  to  the  array.  If  any  of  the  bound  IgM  was  specific  for  WNV,  the  WNV  antigen 
bound  to  it.  Monoclonal  anti-WNV  antibody  was  added  to  bind  with  the  bound  WNV  antigen.  Bound  anti-WNV  antibody  was  detected  with  anti-mouse  IgG  magnetic  beads. 

$  The  assay  is  similar  to  the  MCA  assay  but  required  fewer  steps.  After  capturing  IgM  on  an  array  of  anti-chicken  IgM  antibodies  and  the  addition  of  WNV  antigen,  bound  WNV  antigen  was 
detected  directly  with  anti-WNV  magnetic  beads. 


were  placed  on  a  small  piece  of  an  array  (5x5  mm  typically) 
and  allowed  to  react  without  stirring  for  a  period  of  time 
depending  on  the  assay  design.  Specifics  for  each  assay  are 
presented  below.  A  special  holder  was  designed  to  accommo¬ 
date  multiple  samples  and  to  wash  them  simultaneously.  The 
holder  was  composed  of  a  plastic  plate  with  an  array  of  69 
holes  1  mm  in  diameter.  A  second  plate  with  an  array  of 
grooves  was  glued  to  the  bottom  of  the  first  one.  When  air 
was  pumped  from  the  space  between  the  plates,  the  array 
pieces  were  strongly  pressed  to  the  holes  by  external  pressure. 

Reverse  assay  array .  Serum  was  diluted  1:100  in  blocking 
solution  (1%  BSA,  20  mmol/L  Tris-HCl,  0.15  mol/L  NaCl, 
and  0.05%  Tween-20,  pH  7.5).  Twenty  microliters  of  each 
sample  was  incubated  on  a  piece  of  a  WNV  antigen  array 
overnight  at  4°C.  Arrays  were  washed  three  times  with  wash 
solution  (20  mmol/L  Tris-HCL,  0.15  mol/L  NaCl,  and  0.05% 
Tween-20,  pH  7.5)  and  tested  with  anti-chicken  IgM  magnetic 
beads  using  the  push-pull  technique  described  in  the  section 
on  detection  with  magnetic  beads  below. 

IgM  capture  assay.  Serum  was  diluted  1:100  in  blocking  so¬ 
lution.  Twenty  microliters  of  each  sample  was  incubated  on  a 
piece  of  an  anti-chicken  IgM  array  overnight  at  4°C.  Arrays 
were  washed  three  times  with  wash  solution  and  incubated  for 
2  hours  with  20  pL  of  WNV  pellet  prepared  as  described 
above  and  diluted  1:100  with  blocking  solution.  Preconcen¬ 
trated  commercial  WNV  antigen  was  used  to  ensure  purity  of 
the  sample  (i.e.,  to  remove  preservatives  or  other  components 
of  the  vaccine  that  could  inhibit  the  assay).  After  washing 
three  times  with  the  wash  solution,  monoclonal  anti-WNV  E 
protein  antibody,  diluted  1:1,000  in  blocking  solution,  was 
incubated  on  the  arrays  for  1  hour  at  room  temperature.  The 
arrays  were  tested  with  anti-mouse  IgG  magnetic  beads  using 
the  push-pull  technique  described  in  the  section  on  detection 
with  magnetic  beads  below. 


Modified  IgM  capture  assay.  Serum  was  diluted  1:100  in 
blocking  solution.  Twenty  microliters  of  each  sample  was  in¬ 
cubated  on  a  piece  of  an  anti-chicken  IgM  array  overnight  at 
4°C.  Arrays  were  washed  three  times  with  wash  solution  and 
20  pL  of  concentrated  killed  WNV  pellet  diluted  1:100  in 
blocking  solution  was  incubated  on  the  arrays  for  2  hours  at 
room  temperature.  The  arrays  were  tested  with  anti-WNV 
IgG  magnetic  beads  using  the  push-pull  technique  described 
in  the  section  on  detection  with  magnetic  beads  below. 

Electrophoresis-assisted  active  reverse  assay  array.  Elec¬ 
trophoretic  concentration  of  WNV-specific  IgM  molecules 
among  other  charged  molecules  was  performed  as  recently 
described.22-24  Briefly,  7  x  7-mm2  pieces  of  WNV  antigen 
microarrays  were  clamped  between  two  rubber  O-rings  in  an 
electrophoretic  apparatus,24  and  the  upper  and  lower  elec¬ 
trode  chambers  were  filled  with  an  electrode  solution  of  5 
mmol/L  Gly-Gly  buffer,  pH  8.5.  Serum  was  diluted  1:10,000  in 
an  electrophoretic  buffer  consisting  of  1%  poly  vinyl  alcohol 
and  1%  poly  vinyl  pyrrolidone  in  5  mmol/L  Gly-Gly,  pH  8.5. 
At  this  pH,  IgM  molecules  became  negatively  charged.  Ap¬ 
proximately  300  pL  of  each  sample  was  loaded  into  the  elec¬ 
trophoretic  cells,  and  electrophoresis  was  performed  at  a  cur¬ 
rent  of  1.5  mA/cell  with  180-260  V  applied  for  10  minutes. 
The  application  of  electric  field  brings  all  charged  IgM  mol¬ 
ecules  to  the  array  surface.  Other  similarly  charged  proteins 
are  also  brought  to  the  microarray  surface,  but  they  are  un¬ 
able  to  establish  strong  bonds  and  are  removed  with  washing 
(data  not  shown).  After  electrophoretic  capture,  the  arrays 
were  washed  three  times  with  wash  solution  and  tested  with 
anti-chicken  IgM  magnetic  beads  using  the  push-pull  tech¬ 
nique  described  in  the  section  on  detection  with  magnetic 
beads  below. 

In  ah  of  the  assay  techniques,  sera  from  uninfected  chickens 
or  chickens  infected  with  RVFV  otherwise  identically  treated 
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Figure  1.  Schematic  of  assay  techniques  designed  to  detect  WNV-specific  IgM  in  serum.  A,  RAA.  B,  MCA.  C,  MMCA. 
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(radiation,  storage)  were  used  as  negative  controls.  A  nega¬ 
tive  control  was  deemed  successful  only  if  no  array  of  spots 
marked  with  beads  was  visible  on  assay  completion.  Sera 
from  chickens  infected  with  WNV  and  bled  on  Day  4  or  more 
PI  were  used  as  positive  controls  in  the  assay  development. 

Detection  with  magnetic  beads.  In  the  bead-based  assays 
used  here,  the  so-called  “push-pull”  detection  technique  was 
used  as  described.24  Briefly,  a  droplet  of  blocking  solution 
was  applied  onto  the  array,  and  0.5  jjiL  of  bead  suspension  in 
the  same  solution  was  distributed  over  the  array  surface.  A 
rare-earth  permanent  magnet  (5-10  mm  in  diameter)  was 
placed  underneath  the  array  for  5-10  seconds  to  push  the 
beads  to  the  array  surface.  The  magnet  was  removed,  and 
another  magnet  equipped  with  a  stainless  steel  magnetic  con¬ 
centrator  was  approached  from  above  to  pull  unbound  and 
weakly  bound  beads  to  the  top  of  the  droplet.  The  beads  were 
removed  from  the  droplet  by  touching  the  droplet  surface 
with  the  concentrator  tip.  The  stock  suspension  of  magnetic 
beads  was  washed  twice  with  the  blocking  solution  before  use 
to  remove  any  free  antibody  molecules  that  leaked  from  the 
beads  on  storage.  Images  of  arrays  with  bound  beads  were 
acquired  with  a  digital  camera  attached  to  an  optical  micro¬ 
scope  equipped  with  a  dark-field  illuminator.  To  quantify  the 
results,  SCION/NIH  program,  freely  available  on  the  Inter¬ 
net,  was  used  to  measure  the  spot  brightness  from  the  ac¬ 
quired  images.  The  spot  brightness  of  several  spots  on  the 
array  with  bound  beads  was  measured  as  a  difference  be¬ 
tween  the  gray  level  of  the  spots  and  that  of  the  background 
between  the  spots.  Samples  were  considered  positive  when  a 
pattern  of  spots  decorated  by  beads  was  observed  visually. 

When  measured  at  the  8-bit  resolution  grayscale  (255  levels), 
this  minimum  resolution  corresponded  to  three  units  or  5-10 
beads  on  a  spot  50  x  50  pm2. 

MAC-ELISA.  In  the  absence  of  a  commercially  available 
WNV  MAC-ELISA  kit  for  birds,  a  kit  for  human  serum  was 
purchased  from  Focus  Diagnostics  (Cypress,  CA)  and  modi¬ 
fied  to  make  it  applicable  for  chicken  serum.  Nunc  MaxiSorp 
flat-bottomed  96-well  plates  (Fisher  Scientific,  Hampton, 

NH)  were  coated  with  100  pL/well  of  anti-chicken  IgM  in 
coating  buffer  (50  mmol/L  sodium  carbonate,  pH  9.5)  at  a 
1:100  dilution.  Plates  were  incubated  overnight  at  4°C,  after 
which  the  coating  solution  was  removed  by  vacuum  suction 
and  300  pL/well  of  blocking  solution  (3%  dry  milk  in  20 
mmol/L  Tris-HCl,  0.15  mol/L  NaCl,  and  0.05%  Tween-20,  pH 
7.5)  was  applied  to  the  plates,  followed  by  incubation  at  room 
temperature  for  30  minutes.  Use  of  such  plates  coated  with  5 
anti-chicken  IgM  instead  of  anti-human  IgM  was  the  only 
difference  between  our  modified  WNV  MAC-ELISA  and  the 
commercial  one.  The  plates  were  washed  twice  with  wash 
buffer,  and  100  pL  of  each  chicken  serum  test  specimen,  di¬ 
luted  1:400  in  blocking  buffer,  was  added  in  quadruplet.  One 
hundred  microliters  of  uninfected  chicken  serum  purchased 
from  Sigma  Aldrich,  diluted  in  the  same  manner,  was  added 
to  four  wells  to  be  used  as  a  cut-off  calibrator.  Plates  were 
incubated  for  1  hour  at  room  temperature  and  washed  three 
times  with  wash  buffer.  Recombinant  WNV  E/preM  protein 
was  diluted  as  recommended  by  the  vendor  (Focus  Diagnos¬ 
tics)  in  PBS,  and  100  pL  was  added  to  two  wells  per  each 
specimen.  Similarly,  100  pL  of  blocking  solution  was  added  to 
two  wells  per  each  specimen.  Plates  were  incubated  overnight 
at  4°C,  after  which  they  were  washed  four  times  with  wash 
buffer.  Then,  100  pL  of  ready-to-use  from  the  vendor  anti- 


flavivirus-horseradish  peroxidase  antibody  was  added  to  each 
well.  Plates  were  incubated  for  1  hour  at  room  temperature 
and  were  washed  four  times  with  wash  buffer  before  adding 
100  pL  of  3,3'5,5'-tetramethylbenzidine.  The  plates  were  in¬ 
cubated  for  10  minutes  at  room  temperature  in  the  dark,  and 
the  colorimetric  reactions  were  stopped  by  addition  of  100  pL 
of  stop  reagent.  The  ODs  were  read  at  A450  with  an  auto¬ 
mated  microplate  reader.  Positive  samples  were  determined 
as  recommended  by  the  vendor.17  Briefly,  the  net  sample  OD 
was  first  calculated  by  subtracting  the  average  OD  value  ob¬ 
tained  when  antigen  was  added  from  the  average  OD  value 
obtained  without  antigen.  The  index  for  each  sample  was 
calculated  by  dividing  the  net  sample  OD  by  the  average 
cut-off  calibrator  OD.  Samples  were  considered  positive  if  the 
index  value  was  >  1.10  and  negative  if  the  value  was  <  0.90. 

RESULTS 

Passive  screening  of  samples  for  the  presence  of  WNV- 
specific  IgM  molecules.  All  three  assays  were  first  tested  in  a 
passive  mode  using  the  set  of  23  known  samples.  All  samples 
obtained  from  chickens  infected  with  WNV  and  bled  on  Day 
4  or  greater  PI  were  positive.  All  other  samples  including 
serum  from  uninfected  controls,  chickens  infected  with 
RVFV,  and  chickens  infected  with  WNV  and  bled  between 
Days  1  and  3  PI  were  negative.  Therefore,  we  tested  the 
remaining  41  blinded  samples  passively  using  each  of  the 
three  techniques  (reverse  assay  array  [RAA],  IgM  capture 
assay  [MCA],  and  modified  IgM  capture  assay  [MMCA]). 
Figure  2  shows  the  spot  brightness  of  the  samples  that  tested 
positive  for  WNV-specific  IgM  when  screened  passively  in 
any  of  the  three  protocols  described  above.  A  positive  cut-off 
value  of  3  was  used  to  distinguish  between  positive  and  nega¬ 
tive  samples.  Of  all  the  serum  samples  (64),  11  tested  positive 
for  WNV-specific  IgM  in  all  three  assays.  In  addition,  one 
specimen  (407)  was  positive  for  WNV-specific  IgM  in  the 
RAA  and  the  MCA  but  not  the  MMCA,  and  one  specimen 
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Figure  2.  Spot  brightness  of  serum  samples  that  registered  as 
positive  for  WNV-specific  IgM  in  any  of  the  three  assays  preformed 
passively.  Results  are  shown  as  gray  bars  for  the  MMCA,  black  bars 
for  the  MCA,  and  white  bars  for  the  RAA.  Each  sample  was  tested 
in  triplicate  in  each  assay.  Bars  indicate  SD  between  the  three  repli¬ 
cate  tests.  Spot  brightness  means  the  difference  in  the  gray  levels  of 
spots  and  the  area  between  the  spots  measured  in  images  with  8-bit 
resolution  and  averaged  over  four  to  five  spots.  Samples  were  con¬ 
sidered  positive  when  spot  brightness  was  ^  3  as  indicated  by  the 
dashed  horizontal  line.  Asterisks  mark  the  samples  with  known  his¬ 
tory. 
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(108)  tested  positive  for  WNV-specific  IgM  only  in  the  MCA. 
All  other  51  samples  were  negative  for  WNV-specific  IgM  in 
all  three  assays,  meaning  that  no  visible  array  emerged  on 
assay  completion. 

Using  a  home-developed  MAC-ELISA,  Johnson  and  oth¬ 
ers33  showed  that  mature  chickens  (20  and  60  weeks  old) 
infected  with  WNV  virus  by  needle  developed  detectable  IgM 
levels  beginning  at  the  Day  4  PI,  and  the  level  maintained 
detectable  for  more  than  1  month  PI.  All  such  chickens  de¬ 
veloped  detectable  IgM  by  Day  6  PI.  Because  most  2-day-old 
chickens  that  were  infected  with  WNV  died  before  Day  6  PI 
and  no  WNV-specific  IgM  was  found  in  chickens  bled  before 
Day  4  PI,  we  chose  the  latter  as  a  threshold  for  calculating 
sensitivity.  The  sensitivity  of  each  assay  was  defined  as  the 
percentage  of  samples  obtained  Day  4  or  more  PI  that  tested 
positive  for  WNV-specific  IgM.  Of  the  14  serum  samples  from 
chickens  infected  with  WNV  that  were  obtained  Day  4  or 
later  PI,  12  tested  positive  in  the  RAA  (86%),  13  tested  posi¬ 
tive  in  the  MCA  (93%),  and  11  tested  positive  in  the  MMCA 
(79%).  Although  the  MCA  provided  notably  larger  signals 
(Figure  2)  and  the  greatest  sensitivity  in  passive  format,  it 
required  the  greatest  time  and  materials  of  the  three  assays. 
The  RAA  had  a  sensitivity  of  86%  and  required  the  least 
amount  of  time  and  materials.  Therefore,  this  assay  was  cho¬ 
sen  as  a  candidate  for  the  active  assay. 

Active  screening  of  serum  samples  using  RAA.  Figure  3 
shows  a  comparison  of  spot  brightness  from  all  the  samples 
that  tested  positive  for  WNV-specific  IgM  when  tested  ac¬ 
tively  and  passively  in  the  RAA.  When  serum  samples  were 
screened  for  the  presence  of  WNV-specific  IgM  in  the  RAA 
using  electrophoretic  capture,  the  same  12  samples  that  tested 
positive  for  WNV-specific  IgM  in  the  passive  format  of  this 
assay,  which  required  24  hours  to  complete,  also  tested  posi¬ 
tive  in  this  format,  which  required  only  15  minutes  to  yield 
results.  In  addition,  the  signal  produced  in  the  active  assay 
was  significantly  greater  than  that  seen  in  the  passive  assay. 
This  is  a  result  of  active  concentration  of  all  IgM  molecules  in 
the  sample  to  the  vicinity  of  the  membrane  surface  arrayed 
with  probe  molecules.  Spot  brightness  in  the  passive  assay 
plotted  against  the  spot  brightness  in  the  active  assay  for  each 
sample  resulted  in  a  correlation  coefficient  of  0.87. 
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Figure  3.  Comparison  of  spot  brightness  of  serum  samples  that 
registered  as  positive  for  WNV-specific  IgM  in  passive  and  active 
formats  of  the  RAA.  Results  are  shown  as  gray  bars  for  the  passive 
testing  and  black  bars  for  the  active  testing.  Each  sample  was  tested 
in  triplicate  in  each  assay,  with  four  to  five  spots  averaged  in  each 
array.  Bars  indicate  SD  between  the  three  replicate  tests.  Asterisks 
mark  the  samples  with  known  history. 


Correlation  of  the  active  RAA  with  a  WNV  MAC-ELISA. 

Using  the  criteria  described  above,  the  sensitivity  of  the  active 
RAA  was  calculated  to  be  86%  (95%  confidence  interval 
[Cl],  60,  96).  However,  note  that  if  not  all  chickens  develop 
IgM  at  Day  4  PI,  the  estimate  of  sensitivity  is  underscored.  It 
may  be  more  appropriate  to  compare  the  newly  developed 
assays  to  the  conventional  assay  used.  Currently,  the  WNV 
MAC-ELISA  is  the  most  widely  used  diagnostic  method  for 
early  diagnosis  of  acute  WNV  infection  in  humans.13-15  In  the 
absence  of  a  commercially  available  WNV  MAC-ELISA  kit 
for  birds,  a  commercially  available  WNV  MAC-ELISA  kit 
for  human  serum  purchased  from  Focus  Diagnostics  and 
slightly  modified  to  make  it  applicable  for  chicken  serum,  was 
used  for  comparison  with  our  active  RAA.  Twelve  of  the  64 
samples  were  positive  for  WNV-specific  IgM  in  the  MAC- 
ELISA  (data  not  shown).  These  12  samples  were  the  same 
samples  that  tested  positive  for  WNV-specific  IgM  in  the  ac¬ 
tive  RAA.  Thus,  our  active  RAA  assay  has  the  same  sensi¬ 
tivity  as  the  MAC-ELISA,  while  requiring  significantly  less 
time  to  yield  results:  2-3  days  for  MAC-ELISA  compared 
with  15  minutes  for  the  active  RAA.  Figure  4  shows  the  cor¬ 
relation  between  the  active  RAA  and  the  MAC-ELISA.  A 
correlation  coefficient  of  0.96  was  obtained  when  the  spot 
brightness  of  the  array  in  the  active  RAA  was  plotted  against 
the  OD  value  in  the  MAC-ELISA  for  each  sample. 

The  sensitivity  and  assay  time  of  the  different  assay  tech¬ 
niques  developed  to  detect  WNV-specific  IgM  in  chicken  se¬ 
rum  are  summarized  in  Table  2. 

DISCUSSION 

Using  electrophoretic  capturing  and  magnetic  bead  detec¬ 
tion  technology,  we  developed  a  diagnostic  assay  for  detect¬ 
ing  WNV-specific  IgM  in  chicken  serum.  When  compared 
with  the  conventional  diagnostic  assay  for  WNV  (MAC- 
ELISA),  the  active  RAA  had  100%  sensitivity  (95%  Cl:  76, 
100)  yet  yielded  results  in  15  minutes  as  opposed  to  the  2-3 
days  needed  for  the  MAC-ELISA.  Although  this  assay  time 
does  not  consider  the  time  needed  to  prepare  the  different 
components  of  the  assay,  if  such  assay  were  to  be  made  com¬ 
mercially  available,  all  components  would  be  manufactured 
and  ready-to-use,  resulting  in  a  total  assay  time  of  ~15  min- 
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Figure  4.  Correlation  between  the  active  RAA  and  the  MAC- 
ELISA.  Spot  brightness  of  the  array  in  the  active  RAA  plotted 
against  OD  values  in  the  MAC-ELISA  for  each  sample.  Each  sample 
was  tested  in  triplicate  in  the  RAA  and  in  duplicate  in  the  MAC- 
ELISA.  Bars  indicate  SD  between  the  tests. 
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Table  2 

Comparison  of  specificity  and  assay  time  of  different  assay  techniques 


Assay 

MAC-ELISA 

RAA 

MCA 

MMCA 

Active/passive 

Passive 

Passive 

Active 

Passive 

Passive 

Sensitivity* 

86% 

86% 

86% 

93% 

79% 

95%  Cl 

60,  96 

60,  96 

60,  96 

69,  99 

52,  92 

Time  (min) 

4,320  (3  days) 

1,440 

15 

1,440 

1,440 

*  Sensitivity  was  defined  as  the  percentage  of  samples  obtained  Day  4  or  more  PI  that 
tested  positive  for  WNV-specific  IgM. 


utes.  The  active  RAA  had  a  specificity  of  100%  (95%  Cl:  93, 
100)  when  tested  with  serum  samples  from  uninfected  chick¬ 
ens  and  chickens  infected  with  RVFV.  Additional  specificity 
tests  using  serum  from  chickens  exposed  to  a  related  flavivi- 
rus  need  to  be  conducted  to  determine  whether  the  assay  can 
differentiate  a  response  to  WNV  from  that  of  a  similar  patho¬ 
gen.  When  dealing  with  patient  care,  it  is  important  to  con¬ 
firm  a  diagnosis  as  quickly  as  possible.  The  assay  described  in 
our  study  can  provide  results  in  15  minutes  compared  with  the 
2-3  days  required  for  a  MAC-ELISA,  and  yet  the  sensitivity 
and  specificity  were  essentially  identical.  Thus,  physicians 
would  be  able  to  confirm  a  diagnosis  of  WNV  infection  or 
know  to  seek  an  alternative  diagnosis  within  hours  of  taking 
a  sample  rather  than  having  to  wait  for  days. 

In  addition,  the  diagnostic  assay  developed  for  detecting 
WNV-specific  IgM  is  simple  and  straight  forward.  The  active 
RAA  does  not  require  any  special  or  intensive  training  of  the 
operator.  The  assay  does  not  require  any  unique  or  expensive 
equipment  and  could  be  reproduced  in  any  laboratory. 

There  are  several  potential  problems  with  this  assay.  These 
include  the  possible  interference  of  other  immunoglobulins. 
This  would  be  of  particular  importance  if  the  assay  were  de¬ 
veloped  for  use  for  humans  where  anti-WNV  specific  IgG  can 
present  within  a  few  days  of  symptom  onset  when  blood 
samples  for  testing  are  usually  taken.17  Samples  being  tested 
in  this  assay  may  benefit  from  being  IgG-depleted.  Also, 
there  is  a  necessity  of  desalting  biologic  samples  by  dialysis  or 
by  exclusion  chromatography  when  using  the  technology.  Al¬ 
though  such  desalting  can  be  performed  during  electro¬ 
phoretic  capturing,  the  presence  of  salt  notably  increases  cap¬ 
turing  procedure  time  because  lower  voltages  must  be  applied 
to  keep  the  sample  heating  low. 

In  conclusion,  this  research  clearly  shows  how  conventional 
immunoassay  protocols  can  be  converted  into  microarray- 
based  active  formats  with  magnetic  bead  detection,  resulting 
in  reduced  cost  and  assay  time  while  maintaining  or  increas¬ 
ing  sensitivity.  The  active  RAA  developed  for  rapid  detection 
of  WNV-specific  IgM  molecules  in  chicken  serum  is  clearly 
more  advantageous  than  the  current  convention  assays  for 
WNV  detection  as  discussed  above.  It  is  important  to  mention 
that  the  technology  described  here  can  be  used  to  detect  a 
variety  of  different  pathogens,  simply  by  using  the  appropri¬ 
ate  antibodies  and/or  antigens.  Like  all  immunoassays,  the 
sensitivity  and  specificity  of  the  assay  will  depend  on  the  qual¬ 
ity  of  the  antibodies  and  antigens  used. 
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